Abstract Conventional resting left ventricular ejection fraction (LVEF) assessments have limitations for detecting doxorubicin (DOX)-related cardiac dysfunction. Novel resting echocardiographic parameters, including 3-dimensional echocardiography (3DE) and global longitudinal strain (GLS), have potential for early identification of chemotherapy-related myocardial injury. Exercise ''stress'' is an established method to uncover impairments in cardiac function but has received limited attention in the adult oncology setting. We evaluated the utility of an integrated approach using 3DE, GLS, and exercise stress echocardiography for detecting subclinical cardiac dysfunction in early breast cancer patients treated with DOX-containing chemotherapy. Fifty-seven asymptomatic women with early breast cancer (mean 26 ± 22 months post-chemotherapy) and 20 sex-matched controls were studied. Resting left ventricular (LV) function was assessed by LVEF using 2-dimensional echocardiography (2DE) and 3DE and by GLS using 2-dimensional speckle-tracking echocardiography (2D-STE). After resting assessments, subjects completed cardiopulmonary exercise testing with stress 2DE. Resting LVEF was lower in patients than controls by 3DE (55 ± 4 vs. 59 ± 5 %; p = 0.005) but not 2DE (56 ± 4 vs. 58 ± 3 %; p = 0.169). 10 of 51 (20 %) patients had GLS greater than or equal to -17 %, which was below the calculated lower limit of normal (control mean 2SD); this patient subgroup had a mean 20 % impairment in GLS (-16.1 ± 0.9 vs. -20.1 ± 1.5 %; p \ 0.001), despite similar LVEF by 2DE and 3DE compared to controls (p [ 0.05). Cardiopulmonary function (VO 2peak ) was 20 % lower in patients than controls (p \ 0.001). Exercise stress 2DE assessments of stroke volume (61 ± 11 vs. 69 ± 15 ml; p = 0.018) and cardiac index (2.3 ± 0.9 vs. 3.1 ± 0.8 l min -1 m -2 mean increase; p = 0.003) were lower in patients than controls. Post-exercise increase in cardiac index predicted VO 2peak (r = 0.429, p = 0.001). Resting 3DE, GLS, and exercise stress 2DE detect subclinical cardiac dysfunction not apparent with resting 2DE in post-DOX breast cancer patients.
Abstract Conventional resting left ventricular ejection fraction (LVEF) assessments have limitations for detecting doxorubicin (DOX)-related cardiac dysfunction. Novel resting echocardiographic parameters, including 3-dimensional echocardiography (3DE) and global longitudinal strain (GLS), have potential for early identification of chemotherapy-related myocardial injury. Exercise ''stress'' is an established method to uncover impairments in cardiac function but has received limited attention in the adult oncology setting. We evaluated the utility of an integrated approach using 3DE, GLS, and exercise stress echocardiography for detecting subclinical cardiac dysfunction in early breast cancer patients treated with DOX-containing chemotherapy. Fifty-seven asymptomatic women with early breast cancer (mean 26 ± 22 months post-chemotherapy) and 20 sex-matched controls were studied. Resting left ventricular (LV) function was assessed by LVEF using 2-dimensional echocardiography (2DE) and 3DE and by GLS using 2-dimensional speckle-tracking echocardiography (2D-STE). After resting assessments, subjects completed cardiopulmonary exercise testing with stress 2DE. Resting LVEF was lower in patients than controls by 3DE (55 ± 4 vs. 59 ± 5 %; p = 0.005) but not 2DE (56 ± 4 vs. 58 ± 3 %; p = 0.169). 10 of 51 (20 %) patients had GLS greater than or equal to -17 %, which was below the calculated lower limit of normal (control mean 2SD); this patient subgroup had a mean 20 % impairment in GLS (-16.1 ± 0.9 vs. -20.1 ± 1.5 %; p \ 0.001), despite similar LVEF by 2DE and 3DE compared to controls (p [ 0.05). Cardiopulmonary function (VO 2peak ) was 20 % lower in patients than controls (p \ 0.001). Exercise stress 2DE assessments of stroke volume (61 ± 11 vs. 69 ± 15 ml; p = 0.018) and cardiac index (2.3 ± 0.9 vs. 3.1 ± 0.8 l min -1 m -2 mean increase; p = 0.003) were lower in patients than controls. Post-exercise increase in cardiac index predicted VO 2peak (r = 0.429, p = 0.001). Resting 3DE, GLS, and exercise stress 2DE detect subclinical cardiac dysfunction not apparent with resting 2DE in post-DOX breast cancer patients. 10-year data in node-positive breast cancer found cardiac dysfunction (LVEF C20 % relative decline) in 15-17 % of patients, which is higher than previously reported [3] . As such, pre-DOX administration assessment of resting LVEF is recommended by both oncology and cardiology societies as standard of care for all early breast cancer patients [4] [5] [6] . In current practice, 2-dimensional echocardiography (2DE) is most frequently used to evaluate resting LVEF. This technique, however, has limited reproducibility and accuracy for assessment of left ventricular (LV) volumes and LVEF [7] . Moreover, resting LVEF measurements by 2DE and other conventional modalities [i.e., multi-gated acquisition (MUGA) scanning] principally assess loaddependent changes in LV cavity size that may not reflect actual myocardial systolic function [8] nor predict LVEF decline [9, 10] or overt HF [2, 11, 12] . Consequently, once LVEF declines are detected, significant myocardial injury has occurred [13, 14] , and is likely irreversible [11, 12, 15] . However, no consensus exists on the optimal imaging technique or combination of techniques to detect cardiac dysfunction in the oncology setting [16] .
GLS
Accordingly, the utility of several novel imaging techniques such as cardiac magnetic resonance (CMR), 3-dimensional volumetric echocardiography (3DE), and 2D speckle-tracking echocardiography (2D-STE) to detect early myocardial injury and subclinical cardiac dysfunction has been investigated [7, 16] . In general, these techniques appear to provide superior diagnostic and prognostic information than 2DE LVEF. In adjuvant breast cancer, initial work during or immediately following DOX therapy indicates that 3DE provides superior accuracy and reliability in comparison to 2DE [17, 18] , whereas 2D-STE detects impairments in myocardial systolic function despite preserved LVEF by 2DE [9, 10, [19] [20] [21] [22] [23] .
Although current clinical guidelines recommend use of resting cardiac imaging modalities, additional tools are available that may provide complementary assessments of cardiac function in breast cancer patients. Application of ''system stress'' (via pharmacologic or exercise) is an established method to detect subclinical impairments in myocardial function and determination of contractile reserve is an independent predictor of prognosis beyond LVEF in patients with coronary artery disease (CAD), although these methods have received limited attention in breast cancer therapy-related cardiotoxicity [24] . Moreover, increasing evidence suggests that DOX-related injury may extend beyond the heart to impact other components of the cardiovascular (CV) system [25] [26] [27] . For example, we previously found that despite normal resting LVEF, early breast cancer patients have significant and marked impairments in cardiopulmonary function (VO 2peak ) [28] . VO 2peak provides a measure of global CV function and reserve capacity and is inversely correlated with CV and all-cause mortality in a broad range of adult populations, including cancer [29] [30] [31] [32] .
To the best of our knowledge, no study has evaluated the utility of an integrated approach of conventional and novel echocardiographic parameters in combination with ''stress'' methods to assess the scope of subclinical cardiac dysfunction or predict impaired VO 2peak in a breast cancer setting. To address this question, here we compared the combined utility of novel resting echocardiographic parameters (i.e., 3DE and GLS) and exercise ''stress'' to conventional methods (i.e., resting 2DE) in breast cancer patients previously treated with DOX-containing chemotherapy and preserved LVEF. We hypothesized that (1) under resting conditions, novel echocardiography parameters would detect subclinical cardiac dysfunction, (2) under exercise ''stress'' conditions, further cardiac impairments would be revealed, and (3) the combination of these approaches would provide information beyond use of any single technique. It was also hypothesized that resting and exercise parameters would be significant predictors of VO 2peak .
Methods

Study population and procedures
Fifty-seven (n = 57) asymptomatic women with histologically confirmed estrogen-receptor positive (ER ? ) and [33] ] by resting 2DE at study enrollment. Additional major eligibility criteria were (1) no recent documented cardiac disease and (2) no contraindications to a cardiopulmonary exercise test (CPET) [34, 35] . Twenty sex-matched controls without history of malignancy, cardiac disease, or contraindications to CPET were also recruited from employees at DUMC for comparison purposes. The Institutional Review Board at DUMC approved the study and all participants provided written consent prior to the commencement of any study-related procedures. Following written consent, all participants completed the study assessments in the following order: (1) resting echocardiogram (2DE, 3DE, and 2D-STE), (2) symptom-limited CPET, to assess VO 2peak , and (3) post-VO 2peak stress echocardiogram (2DE).
Resting LV function by 2DE and 3DE
All 2DE and 3DE studies were performed with commercially available equipment (Vivid 7 or E9, GE Healthcare, Milwaukee, WI, USA) by experienced sonographers. Following 2DE completion, a full volume dataset was acquired using a matrix array transducer with gated 4 beat acquisitions for assessments of LV volumes by 3DE. A 3DE acquisition of the entire LV was generally performed in\10 s. All analyses were performed offline using EchoPac PC (version BT11, GE Medical, Milwaukee, WI, USA). Conventional 2DE measurements of LV dimensions, Doppler, and diastolic function parameters were performed and averaged over three cardiac cycles according to the American Society of Echocardiography guidelines [36] [37] [38] . LV volumes and LVEF by 2DE were calculated by the modified biplane Simpson's method from the apical 4-and 2-chamber views. LV volumes and LVEF by 3DE were determined by manipulating the full volume dataset to derive conventional apical 4-, 3-, and 2-chamber views using TomTec offline analysis software (4D LV-Function, Unterschleisheim, Germany). After selection of reference points, a 3D endocardial contour was automatically generated and manual adjustment was performed as necessary. The resultant end-diastolic (EDV) and end-systolic volumes (ESV) were used to calculate stroke volume (SV) and LVEF [39] .
Resting longitudinal strain assessments 2D-STE longitudinal strain analyses were performed on high frame rate gray-scale images (60-90 frames/s) in the conventional apical 4-, 3-, and 2-chamber views [40] . For speckle tracking, the endocardial border was manually traced in end systole and the software automatically traced a region of interest including the entire myocardium. The integrity of speckle tracking was automatically detected and visually ascertained. In case of poor tracking, the region of interest tracing was manually readjusted. Segments with persistent inadequate tracking and studies with two or more segments inadequately tracked were excluded from analysis. Longitudinal strain was calculated as the change in length divided by the original length of the speckle pattern over the cardiac cycle and expressed as a percentage; myocardial longitudinal lengthening was represented as positive strain and shortening as negative strain [40] . Results of peak systolic longitudinal strain were automatically displayed as a 17-segment polar map model with segmental strain values and a mean global longitudinal strain (GLS) value for the entire LV.
CPET and post-VO 2peak stress 2DE VO 2peak was evaluated using an incremental physiciansupervised CPET with 12-lead ECG monitoring (Mac Ò 5000, GE Healthcare) on a motorized treadmill (GE series 2000 Treadmill, GE Healthcare) with expired gas analysis (ParvoMedics TrueOne Ò 2400, Sandy, UT), according to established guidelines [34, 35] . Ninety percent of CPETs were of maximal effort given at least two of the following criteria were achieved: (1) obtained maximal predicted heart rate, (2) reached a respiratory exchange ratio (RER) C1.10, and/or (3) achieved volitional exhaustion. Within 30 s of VO 2peak , subjects were placed in the supine position and 2DE grayscale images were obtained in the apical 4-, 3-, and 2-chamber views. Wall motion scoring index (WMSI) was calculated at rest and post-stress, using the 17 segment model, by adding the individual segment scores (1 = normal; 2 = hypokinesia; 3 = akinesia; 4 = dyskinesia) and dividing by number of segments scored [36] . Stress 2DE LV volumes and LVEF were calculated offline using the modified Simpson's biplane method. Cardiac output was calculated as the product of LV SV and heart rate, and was indexed to body surface area (BSA).
Reproducibility
All echocardiography measurements were performed offline by a single interpreter (MGK) in a blinded fashion. Intraobserver reproducibility was assessed by repeating measurements in 15 randomly selected subjects on a separate occasion. The intraobserver intraclass coefficients for resting 2D LVEF were 0. 
Statistical analyses
Analysis of covariance (ANCOVA) was used to assess overall differences in continuous variables between groups after adjustment for potential confounding covariates (e.g., age, hyperlipidemia, obesity, diabetes, smoking history, and exercise behavior). ANCOVA was also used to assess overall differences in change in SV, LVEF, and cardiac output/BSA (post-stress-rest) after adjustment for baseline value and covariates. Additional adjustment was performed for resting as well as peak blood pressure (systolic and diastolic) and heart rate to account for differences in hemodynamic loading conditions during cardiac function assessments. Fisher's exact tests were used to test differences in categorical variables. Pearson Correlations were used to examine the relationships among echocardiographic parameters (2D LVEF, 3D LVEF, GLS, and poststress increase in cardiac index), DOX dose, and VO 2peak . A two-sided significance level of 0.05 was used for all statistical tests. No adjustments were made for multiple comparisons. All statistical calculations were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA).
Results
Participant characteristics
Patients' mean age and weight were 52 ± 10 years (range 28-72 years) and 75 ± 14 kg, respectively. The time from diagnosis and chemotherapy completion was 30 ± 22 and 26 ± 22 months, respectively. The median cumulative dose of DOX administered to patients was 240 mg m -2 . Control subjects' mean age and weight were 57 ± 7 years (range 36-69 years) and 70 ± 11 kg, respectively. Resting heart rate was 16 % higher in patients than controls (71 ± 11 vs. 61 ± 9 bpm; p = 0.001). There were no significant differences between groups on any medical or demographic variables except age (p = 0.034; Table 1 ).
Resting 2DE, 3DE, and GLS LV function assessments
Of the 77 total subjects, adequate images for 2D LVEF, 3D LVEF, and GLS were available in 100, 92, and 91 %, respectively. Resting echocardiographic data are presented in Table 2 . There were no significant differences in conventional measurements of LV dimensions and volumes as well as no significant differences in diastolic function parameters between patients and controls (all p [ 0.05). Mean LVEF for both groups by either 2DE or 3DE was C55 %. Compared to controls, LVEF was significantly lower in patients by 3DE (55 ± 4 vs. 59 ± 5 %; p = 0.005), but not 2DE (Fig. 1a) . Mean GLS in patients was -18.9 ± 2, 6 % higher (more impaired LV shortening) than corresponding values for controls (p = 0.152). 10 of 51 (20 %) patients had GLS greater than or equal to -17 %; this patient subgroup had a mean 20 % impairment in GLS (-16.1 ± 0.9 vs. -20.1 ± 1.5 %; p \ 0.001) despite similar resting 3D LVEF compared to controls (55 ± 4 vs. 59 ± 5 %; p = 0.564) (Fig. 1b) . Cumulative DOX dose did not correlate with any resting assessments. VO 2peak and post-VO 2peak stress 2DE Mean VO 2peak in patients was 20 % lower compared to controls (24.5 ± 5.8 vs. 30.5 ± 6.8 ml kg -1 min -1 ; p \ 0.001) ( Table 3) . Post-VO 2peak stress 2DE was performed at 82 ± 8 % of peak HR; adequate stress images Values are mean ± SD, median (Q1, Q3), or n (%) * p adjusted for age, hyperlipidemia, obesity, diabetes, smoking, and total exercise
Only one patient received epirubicin, so no SD was calculated à Cytotoxic therapy includes taxol, xeloda, and abraxane for interpretation were available in 76 % of subjects. SV and cardiac index were lower in patients compared to controls (61 ± 11 vs. 69 ± 15 ml and 4.7 ± 1.0 vs. 5.3 ± 1.1 l min -1 m -2 , respectively, p \ 0.05). Mean increase in post-stress cardiac index was 2.3 ± 0.9 l min -1 m -2 in patients, 24 % lower than the 3.1 ± 0.8 l min -1 m -2 mean increase in controls (p = 0.003) (Fig. 1c) . Cumulative DOX dose did not correlate with any stress assessments.
Integration of resting and stress echocardiography
The number of patients meeting ''dysfunction'' criteria [i.e., values below the lower limit of normal (LLN) (defined as control mean-2SD on non-LVEF assessments)] for each select echocardiographic parameter was (1) 2D LVEF (\50 %), n = 0, (2) 3D LVEF (\50 %), n = 1, (3) GLS (greater than or equal to -17 %), n = 10, and (4) post-stress increase in cardiac index Values are mean ± SD 2D 2-dimensional, 3D 3-dimensional, BSA body surface area, S peak systolic myocardial tissue velocity, E transmitral peak early diastolic filling velocity, A transmitral peak late diastolic filling velocity, e 0 peak early diastolic myocardial tissue velocity * p adjusted for age, systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR), hyperlipidemia, obesity, diabetes, current and/or history of smoking, and total exercise p for cardiac output adjusted for above variables except for HR (Fig. 2) .
Echocardiography predictors of VO 2peak
Significant univariate predictors of VO 2peak (ml kg -1 min -1 ) were 2D LVEF (r = 0.252), 3D LVEF (r = 0.395), and post-stress increase in cardiac index (r = 0.429) (all p \ 0.05). In multivariate analysis, post-stress increase in cardiac index was the only remaining significant predictor (p \ 0.001; data not presented).
Discussion
As hypothesized, we found that despite preserved LVEF, resting GLS detected reduced myocardial systolic performance, with 20 % of patients demonstrating evidence of impaired GLS (i.e., greater than or equal to -17 %). Our results are consistent with those reported by other small studies in early breast cancer showing GLS impairments in the absence of LVEF decline during and within 1 year of DOX-containing adjuvant therapy [9, 10, [19] [20] [21] [22] . Of relevance, Ho et al. [23] reported that 26 % of asymptomatic breast cancer patients (50 ± 22 months post-chemotherapy) had GLS values below the lower limit of the control group despite preserved LVEF. Our findings and that of Ho et al. indicate that myocardial systolic impairments may persist and/or develop well beyond the acute period of adjuvant therapy. However, while longitudinal strain is a potential subclinical marker of DOX-related cardiac dysfunction in early breast cancer, mean GLS values among patients in the majority of studies [9, 10, [19] [20] [21] 23] are within the normal range, [41] as observed in the present study. Nevertheless, among 546 unselected, consecutive individuals referred for echocardiography with mean GLS and LVEF values in the normal range, GLS was superior to LVEF for the prediction of long-term mortality [8] . As such, large-scale prospective studies assessing the clinical value of GLS in early breast cancer are warranted.
3DE assessment of resting LVEF is not routinely used in the oncology setting despite being superior to conventional 2DE in patients with and without cardiac disease [42] . We 
MET peak 7.0 ± 1.7 8.7 ± 2.0 \0.001
Post-VO 2peak stress echocardiography n (%) 42 (74) 16 (80) HR, beats (min Values are mean ± SD or n (%) VO 2peak peak oxygen consumption, CPET cardiopulmonary exercise test, MET metabolic equivalent, RER respiratory exchange ratio, BSA body surface area, D stress-resting difference * p adjusted for age, peak exercise systolic blood pressure (SBP), peak exercise diastolic blood pressure (DBP), peak exercise heart rate (HR), hyperlipidemia, obesity, diabetes, current and/or history of smoking, and total exercise p for cardiac output adjusted for above variables except for peak exercise HR à p for change scores also adjusted for pre-score found that LVEF by 3DE was significantly lower (an absolute 4 % difference) in patients compared to controls, despite no differences by 2DE. In patients with early breast cancer, 3DE is superior to 2DE, and had similar accuracy to MUGA (with CMR as the gold standard) for LVEF assessment [17] . Similarly, in a prospective comparison of 2DE and 3DE in 56 breast cancer patients, Thavendiranathan et al. [18] found that the temporal variability of LVEF by 3DE was 5-6 % compared with 10-13 % by 2DE; more reliable detection is clinically important since an LVEF decline of C5 % that accompanies signs of HF confirms therapy-related cardiac dysfunction by existing criteria [16] . Accordingly, our findings, together with prior work in early breast cancer suggest that 3DE, where available, should be incorporated into standard echocardiographic exams among patients undergoing LVEF evaluation in the breast cancer adjuvant setting.
Exercise ''stress'' has been used in cardiology research and practice for more than three decades to detect subclinical impairments in cardiac function and obstructive CAD, but has received minimal attention in the adult oncology setting [24] . We found that stress 2DE revealed that LV SV and change in cardiac index (from rest) were reduced 12 and 24 %, compared to controls, respectively, suggesting that patients have impaired LV contractile reserve (LVCR). To the best of our knowledge, only two other studies have assessed LV functional response to ''stress'' (exercise or pharmacologic) in breast cancer patients. McKillop et al. [14] examined radionuclidedetermined LVEF at rest and during graded exercise testing in 37 patients receiving DOX; exercise LVEF improved the sensitivity of detection of cardiotoxicity from 58 to 100 %. Civelli et al. [43] measured LVCR (defined as the difference between peak and resting LVEF) with low-dose dobutamine during and after high-dose chemotherapy in women with advanced breast cancer; an asymptomatic decline in LVCR of C5 units from baseline predicted LVEF decline to \50 %.
The importance of impaired augmentation of cardiac index is highlighted by its ability to not only identify subclinical cardiac dysfunction but also to predict global CV function (VO 2peak ). VO 2peak provides a measure of CV reserve capacity -an entity not captured by current methods used in oncology clinical practice. The integrative nature of CV function suggests that adjuvant therapyrelated cardiac damage likely occurs in conjunction with (mal)adaptation in other organ components [24] [25] [26] [27] . Thus, tools with the ability to evaluate integrated cross-talk between CV organ components, like VO 2peak , may arguably provide the best measure of therapy-related global CV effects in the setting of early breast cancer [24] . For example, we found that despite preserved LVEF C50 %, 130 breast cancer patients with a mean of 3 years following the completion of adjuvant therapy had VO 2peak that was 22 % below that of age-matched women without a history of breast cancer [28] . Studies investigating the prognostic value of VO 2peak to predict acute and late-occurring cardiac dysfunction and other CV events in early breast cancer patients are warranted.
A final exploratory purpose was to examine the utility of a multi-faceted approach incorporating the different echocardiographic parameters to assess the scope of cancer therapy-related cardiac dysfunction. Importantly, concordance was not significant as only 1 patient had simultaneous abnormal values on two parameters. In contrast, the integration of parameters, however, identified a total of 18 (32 %) patients with abnormal values (GLS detected 10 patients while the combination of GLS and post-stress change in cardiac index identified 17 patients with abnormal values). We contend that the discordance between methods provides support for the hypothesis that adjuvant therapy causes diverse adverse effects on the CV system [16, 25, 28] , indicating that no single echocardiographic parameter likely provides full characterization of therapyrelated cardiac dysfunction. This notion is supported by the findings of Tham et al. [27] who found no significant relationship between resting echocardiographic functional parameters, including GLS, and reduced VO 2peak in 30 patients at least 2 years post-anthracycline therapy for pediatric malignancies. Thus, the application of novel resting echocardiographic parameters in combination with exercise-related assessments identified distinct patients with marked dysfunction; as such, the tools investigated here provided complementary as opposed to redundant information.
This study has several important limitations. Our findings are based on a relatively small sample size and are cross-sectional as opposed to prospective data. Interobserver reproducibility of echocardiographic measurements was not assessed; therefore, we cannot address clinical feasibility for the measures used in this study. There is no long-term data that subclinical cardiac dysfunction leads to clinical HF, and, therefore, the clinical implications of our findings are unknown. We were unable to obtain adequate resting and post-exercise measurements of novel echocardiography parameters in some study subjects. This was due to image quality in some patients, mainly due to breast surgery, postsurgical changes, and the presence of breast implants. Nevertheless, the feasibility for assessing novel parameters in this study was high, including [90 % for resting 3DE and GLS. We did not assess blood-based biomarkers (e.g., troponins) which have emerged as useful markers of early myocardial injury after adjuvant therapy in breast cancer [16] and shown incremental predictive power in combination with 2D-STE [9, 10] . We cannot rule out the contribution of CAD to LV dysfunction without invasive anatomical data; however, stress 2DE did not reveal new wall motion abnormalities.
In conclusion, our findings suggest that current approaches to evaluate cardiac function in breast cancer clinical trials and oncology practice may underestimate the extent and magnitude of subclinical cardiac dysfunction. If replicated, evaluation of resting cardiac function with LVEF by 3DE and GLS by 2D-STE as well as LVCR by stress 2DE may provide important complementary tools to assess both the acute and long-term cardiac impact of breast cancer adjuvant therapy.
